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Ion channels are pores formed by proteins and responsible for carrying ion fluxes through cellular membranes. The ion channels can assume conformational states thereby controlling ion flow. Physically, the conformational transitions from one state to another are associated with energy barriers between them and are dependent on stimulus, such as, electrical field, ligands, second messengers, etc. Several models have been proposed to describe the kinetics of ion channels. The classical Markovian model assumes that a future transition is independent of the time that the ion channel stayed in a previous state. Others models as the fractal and the chaotic assume that the rate of transitions between the states depend on the time that the ionic channel stayed in a previous state. For the calcium activated potassium channels of Leydig cells the R/S Hurst analysis has indicated that the channels are long-term correlated with a Hurst coefficient H around 0.7, showing a persistent memory in this kinetic. Here, we applied the R / S analysis to the opening and closing dwell time series obtained from simulated data from a chaotic model proposed by L. Liebovitch and T. Tóth ͓J. Theor. Biol. 148, 243 ͑1991͔͒ and we show that this chaotic model or any model that treats the set of channel openings and closings as independent events is inadequate to describe the long-term correlation ͑memory͒ already described for the experimental data. 
I. INTRODUCTION
Ion channels are formed by integral membrane proteins and responsible for controlling the ionic fluxes through the cell membranes by assuming distinct states between an open and a closed conformation. Several theoretical approaches have been used to describe the transitions between these different kinetic states, such as the Markovian, fractal and chaotic models. The Markovian model assumes that the probabilities of transitions between different states in unit of time, called rate constant, depend only on the present state of the channel and not of the previous states in which the channel dwelled. [2] [3] [4] The fractal model assumes that the kinetics of the ion channel has the following characteristics: 1. The rate transitions between the states depend on the temporal resolution in which the phenomenon is being observed in accordance to power law with time of the form k = At is the fractal dimension and A is a parameter of the ion channel kinetics. 1 2. The current through a single channel is self-similar in different temporal scales. The description of the kinetic of ion channels by a chaotic model was proposed by Liebovitch and Tóth. 1 In this model the authors consider that the transitions between the kinetic states emerge from deterministic forces instead of random fluctuations of the protein that forms the channel. The representation of the this chaotic model is based on an iteration of a linear map by parts, described for linear deterministic functions that depend on a small number of independent variable and that mimics a random behavior of the ion channel.
We have shown, using the R / S Hurst analysis, that the sequence of open and closed dwell times in a calciumactivated potassium channel in Leydig cells is a process that presents long-term correlation or memory. This memory observed in the calcium-activated potassium channel kinetics is not expected to arise from the Markovian models and do not depend on the calcium concentration. 5, 6 Recently, Campos de Oliveira and collaborators 6 showed that the simulation of the kinetics of the calcium-activated potassium channel in Leydig cells, using a fractal model, also did not reproduce the experimentally observed memory in the kinetic of this channel.
In this work we have investigated if a chaotic model, as suggested by Liebovitch and Tóth, 1 is able to describe the memory found in calcium-activated potassium channels in Leydig cells.
II. MATERIALS AND METHODS

A. Cells
Leydig cells were freshly isolated from the testes of Swiss mice as previously described. 7 In short, the mice were sacrificed by cervical dislocation and the testes quickly removed and immersed in Hank's balanced salt solution ͑HBSS͒. After that, the testes were decapsulated and injected repeated times with HBSS, to remove the Leydig cells. After dissociation, the cells are placed onto glass cover slips immersed in HBSS, on which they adhered.
B. Electrophysiology
Single channel recordings were made with the patchclamp technique in the inside-out configuration, at a holding potential of −80 mV ͑see Fig. 1͒ . 8 For details, see Barbosa et al.
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C. Solutions
The HBSS had the following composition: NaCl 145.0 mM; KCl 4.6 mM; MgCl 2 1.3 mM; CaCl 2 1.6 mM; glucose 10 mM, NaHCO 3 5 mM and HEPES 10 mM; pH 7.4 adjusted with NaOH. After getting the inside-out configuration, the chamber was perfused with a solution equal to that of the pipette containing KCl 150 mM, CaCl 2 3.81 mM, MgCl 2 1 . 0 mM, EGTA 5 mM, HEPES 10 mM and pH adjusted the 7.4 with KOH. The program MaxChelator was used to set the free Ca 2+ concentration at 1 ϫ 10 −8 M. All solutions were filtered through a membrane with 0.22 m diameter pores.
III. THEORY
A. The R / S Hurst analysis
The R / S Hurst analysis 9 for temporal series is based on a function F͑t͒, where t assumes values 1,2,3, ... ,T and ͗F͘ is defined as follows:
From Eq. ͑1͒, we describe the above function as follows:
where X͑t , ͒ represents the sum of the deviation of the function in relation to the mean until a time .
The R / S is the range of the function X͑t , ͒ represented by R͑t͒ = ͓max X͑t , ͒ − min X͑t , ͔͒ normalized by the standard deviation of the function
Hurst it is shown that the mean value of the R / S, for each iteration, follows this empirical function,
H is the exponent of the function called Hurst coefficient and T is the time , / 2, / 4... / N. The Hurst coefficient ͑H͒ is essential to find the existence of memory or correlation of long range in a temporal series. When the H value is equal to 0.5 the temporal series is completely ramdomic. 10 For values of H Ͼ 0.5 the series has a positive memory, or persistent, because the present behavior of the function remains the same in the future, but if H Ͻ 0 means negative memory or antipersistent, then the present function will be inverse in the future.
11
In this work, we apply the Hurst analysis to the sequence of open and closed times of the ion channel recording. We shuffled the experimental record data were and the Hurst analysis applied again to this new time series. 
B. A chaotic model for the kinetics of ion channels
In the chaotic model proposed by Liebovitch and Tóth 1 the current through a single ion channel is represented as a discrete variable in which the value at the nth iteration is I ͑n͒ and the value at the ͑n +1͒th iteration is I͑n +1͒ which is a function only of I͑n͒ as follows: I͑n +1͒ = f͓I͑n͔͒. In this model, the function f ͓I͑n͔͒ is represented by a piecewise linear map. This map has three different regimes. In the first of them the current I is low and while the channel stays in this condition it is closed. In another regime the current I through the channel is high and thus the channel is open. The third regime is a switch that connects these two states when the current I reaches determined thresholds. Formally, the three regimes of the map that describe the function f ͓I͑n͔͒ are
where d i ͑i =1,2͒ are the limits of subintervals and a i ͑i =1,2͒ are the inclinations of the linear maps that correspond to the states closed and opened, respectively. A piecewise linear map of this deterministic model of the ion channel kinetics is shown. 1 In this map is represented the dynamics of the process in the space of phase, normalized for values between zero and one. The dynamics is initiated from a chosen value I͑1͒ in the axe-X, that will have its corresponding value as a function I͑2͒ = f͓I͑1͔͒ in the axe-Y. This corresponding value of I͑2͒ is projected on the diagonal line of the phase space, and from this value, the next iteration is initiated. This process is repeated a large number of times. After several iterations I͑t͒ reaches a higher value than d 1 and transits for subinterval intermediates. In this subinterval intermediate of the map a change to the opened state occurs immediately. When the system reaches the opened state the iterations inside this state start until reaching the threshold region. Then it will come back to the intermediary state and immediately transits to the closed state. This process goes on, producing a variety of times of permanence in the open and closed states. If, n is the number of iterations in a state and ⌬t an interval of time chosen for each step of the process, then the time of permanence in that state is n⌬t. This dynamic process should obey some conditions in the parameters a i and d i of the model. The condition most important to occur in a continuous change between the two states is that a 1 and a 2 are higher than 1 to make the transition between the respective states possible. The dwell times in each one of the states will depend on the current values of the corresponding parameters.
In the model of the linear map, the temporal evolution of the chain I͑t͒ is sensitive to the initial conditions and its values diverge by a rate that is exponentially dependent of the number of iterations n. The rate of this exponential divergence is the exponent of Lyapunov, which is equal to ln a 1 . Taking as an example, two initial values I 1 ͑0͒ and I 2 ͑0͒ in the closed state after n iterations the map presents the following evolution:
After n iterations the divergence between them will be
The process occurs in a way similar for the iterations in the open state, where the probabilities P ͓closed dwell times Ͼ n⌬t͔ = exp͓−͑ln a 1 ͒n͔.
Since n iterations correspond to the duration of time n⌬t, the distribution of the accumulated probability P͑t͒ for times of permanence is
where k =ln a 1 is the Lyapunov exponent. This is the same distribution of accumulated probability P͑t͒ predicted by the model of Markov for opening-closing with rate transitions k between the states open and closed. This model can be generalized for some discrete substates open or closed. This has gotten subdivided, for example, the interval that corresponds to the closed state in a finite number of subintervals, and defining in each one of these subintervals a linear map with different inclinations.
C. Simulation of the chaotic model
The simulation of the chaotic model was carried out using the linear map model. 1 The simulation program was constructed with the software Mathematica version 5.2 ͑Ref. 12͒ for a channel with two kinetic states: open and closed. A sequence of 2 12 times of closing and opening was generated. The values of the parameters of the deterministic map a 1 , a 2 had been determined using the rate constants of kinetic transition K 12 and K 21 , received from the simulation of a Markovian model of two states. The sequences of times of closings and openings of a calcium-activated potassium channel recorded in the Leydig cell were used to find the rate transitions between the two states. The values of K 12 and K 21 obtained were, respectively, 305.39 and 305.43 ms. In the chaotic model considered K ij is equal to ln a i . Knowing the values of a i ͑i =1,2͒ can determine the values of di ͑i =1,2͒ through the following expressions:
The values obtained for a 1 
D. Statistical methods
The test of Shapiro-Wilks ͑W͒ was used to verify if the distribution of the values of the coefficients of Hurst and open time fraction in the simulations follows a normal distribution. The Z-test was used to verify if the average value of the experimental Hurst coefficient H differs significantly from the value of the simulated H. A Z-test was used to verify if the mean value of the open time fraction experimentally obtained belong to the same distribution as the simulated data. All the tests had been carried out using the program STATISTICA version 5.1. Figure 1 shows a typical record of current through the single calcium-activated potassium channel in Leydig cells, with a patch hold at −80 mV and free calcium concentration equal to 10 nM. The conductance observed in this record is in accordance with the characteristic conductance of the calcium-activated potassium channel in cells of Leydig, equal to 265 pS. 13 Table I shows the values of Hurst coefficients for eleven experimental recordings of calcium activated potassium channels. The average value for the coefficient of Hurst is equal to H E = 0.7077Ϯ 0.0522 for the experimental data ͑n =11͒. This value suggests the existence of positive memory in the kinetic process of this channel. When these experimental data are shuffled by the "randomization" program the memory is lost and a value of H Shuffled = 0.5383Ϯ 0.01545 ͑n =50͒ is found in this condition. The Hurst analysis applied to the sequence of openings and closings obtained by the simulation of a chaotic model presented a mean value of H simulated = 0.4999Ϯ 0.0060 ͑n =50͒. As can be noted, the simulation of closing and opening times by the chaotic model did not present long-term correlation. These long-term correlations appear only in the opening and closing time series derived from the experimental single calcium-activated potassium channel data. To verify that the experimental records are not random and that they present really long-term correlation the following strategy was used: ͑1͒ The record showing the most intense memory was shuffled 50 times; ͑2͒ a Shapiro-Wilk's test was applied over the distribution of the 50 H values and showed that they followed a normal distribution ͑p Ͻ 0.7637͒; and ͑3͒ a Z-test was applied to the mean values of the experimental H's and showed that it did not belong to the shuffled H distribution data, differing significantly from the shuffled H data ͑p = 0.0000͒. This indicates that the experimental H does not belong to the distribution of coefficients H of the randomized record, showing evidence of the existence of a positive memory in the experimental record. Therefore, long-term correlation is a property inherently associated with the sequence of open and closed times of the experimental single channel recording. The H Hurst coefficients were calculated for the sequence of opening and closing times for each one of the simulated model. Figure 3 represents a histogram of distribution of the simulated values of H from the chaotic model ͑n =50͒. As can also be seen in Table I , the Shapiro-Wilk's test showed that the H values can be described by a normal distribution ͑p = 0.9015͒. The Z-test showed that the mean value of the experimental H is significantly different from the mean value of H obtained from the simulation by a chaotic model ͑p = 0.0000͒.
IV. RESULTS
V. DISCUSSION
The kinetics of single ion channel recordings is composed of a long sequence of opening and closings time events, in accordance with the characteristic transitions of the channel. Markovian, chaotic and fractal models have been used to describe the dynamics of opening and the closing process of the calcium-activated potassium channel. A strong assumption of the Markovian models is that the ion channels kinetics is taken to be independent of the physical properties of the ion channels besides considering the transitions between the open and closed states as a random process. In the Markovian model the transitions between the states of ion channel are described by means of rate of transitions ͑rate constant͒, which represent the probabilities per unit time of the channel to transit, between two discrete states, being, therefore, a simple probabilistic process.
The physical properties behind the kinetic processes of ion channels are not yet very well understood. However, it is probable that the membrane proteins share many common properties with the globular proteins, of which many structural and physical properties are already known. In globular proteins the function that describes the potential energy throughout the molecule discloses the presence of several local and superficial minima. This profile of energy is inconsistent with a model of the Markovian-type, where the transitions are thought to occur between a few kinetic states, with discrete and deep potential energy barriers. Moreover, the proper structure of globular proteins varies with time. [14] [15] [16] Despite its inconsistency with the current understanding of globular proteins, the Markovian concept of kinetics persists and continues being predominant. However, it has been shown that the structure of ion channels is so flexible that the transitions between the kinetic states occur through many barriers of energies and not through a few barriers with separate peaks from deep valleys, as suggested, for example, by Kazachenko et al. 17 Here we used a two states Markovian model to determine the kinetic constants that were used in the chaotic model. However, it is interesting to note the excellent adjustment of the curve of distribution of probabilities derived from the two states Markovian model to the experimental data. Therefore, Markovian models with two, three, four, or eleven states 5, 6, 13, 18 can describe the kinetic process of the ion channels in an adequate way without any physical meaning with regard to the dynamic process of the transitions between the open and closed states of the BK channel.
The Hurst analysis applied to the ion channel kinetics data simulated by Markovian models has shown that is not possible to reproduce the long-range correlation identified in the calcium activated potassium channel of Leydig cells. 5, 6, 13, 18 Kochetkov and co-workers 3 also showed the presence of memory in calcium-activated potassium channel in cells Vero of the kidney and that Markovians models are inadequate to describe the memory found in the kinetics of these channels. Markovianv models may even describe very well the distributions of times of permanence of the channel in the open and closed states, but they are inefficient to describe the long-term correlation for the opening and closing times in the calcium-activated potassium channels. Another interesting aspect is that the coefficient of Hurst does not vary with the voltage applied through the channel. 13 Although the kinetics of the channel varies with changes in membrane potentials, the dynamics of the process remains invariable, suggesting that memory is an intrinsic property of the system. This means that memory appears to be a property of the internal dynamics of the channel protein, which is completely different from saying that memory arises from a specific kinetic process. A deterministic chaotic model has been proposed to explain the molecular dynamics present in the mechanism of opening and closing of ion channels. 19 In this work, we demonstrate that any model that treats the set of channel openings and closings as independent events cannot adequately simulate the calcium-activated potassium channel of Leydig cells. In particular, we demonstrated that a specific chaotic model where the set of channel openings and closings are independent events, because the Lyapunov exponent of this model is much shorter in time than the typical open or closed duration, is unable to correctly predict the dynamics of the ion channel. Whether deterministic dynamical models can be constructed which incorporate such long term memory to model ion channels, remains an open question.
Biophysical measurements, such as, nuclear magnetic resonance ͑NMR͒, may be more sensitive to describe the   FIG. 3 . Histogram of the distribution of Hurst coefficients of simulated using a chaotic model ͑left͒ and the H E mean value of the experimental data ͑right͒.
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transitions of the channel, the number of conformational states, and the distribution of the energy barriers, therefore supplying more information on the physical nature of the channel and, more specifically, on its kinetics. 16 These measurements can be important in order to propose more realistic ion channel models that consider the actual complexity of the kinetic process and describe memory in the ion channel kinetics.
